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Detailed investigations on flow boiling of water up to the critical 
heat flux 
 
Introduction 
The research group Multiphase Flows (MPF) 
emerges 2018 together with the group Severe 
Accident Research (SAR) from the Accident 
Analyses group (UNA) and deals with techni-
cally relevant, complex multiphase flows. Dur-
ing the last two years, the activities concen-
trated on the construction of the high-pressure 
test facility COSMOS-H and the experiments 
on the low-pressure test facility COSMOS-L, 
which were carried out in cooperation with the 
Institute for Thermal Process Engineering 
(TVT) at KIT and partners from industry and re-
search.  
The subject was flow boiling under forced con-
vection up to critical heat flux (CHF). Boiling 
media are often used in heat exchangers to en-
able effective cooling of technical systems. 
However, when the critical heat flux is reached, 
the boiling crisis occurs and a sudden rise in 
temperature will follow, which can lead to a 
possible damage to system components. 
Numerous experiments on COSMOS-L and 
preliminary tests were carried out for this pur-
pose. Additionally, our special measurement 
techniques such as fibre optic void sensors or 
videometric void measurement technique 
(OVM) have also been enhanced. The experi-
ments were carried out on the one hand in an 
annular test section and on the other hand in a 
rod bundle test section. At the same time, a 
test track was built up for the high-pressure 
tests and the construction of the high-pressure 
facility COSMOS-H was continued. 
 
Experiments on Boiling under forced 
convection up to critical heat flux 
At the COSMOS-L test facility, deionised water 
is used as test medium to investigate boiling 
crisis for various operating conditions and test 
section configurations. First experiments were 
carried out in the annular test section with one 
heated tube of 32 cm length made from zircal-
loy-4. Water is pumped through the annular 
gap with defined pressures and inlet tempera-
tures while the cladding tube is electrically 
heated. This results in heat transfer between 
the cladding tube and the surrounding water up 
to flow boiling and critical heat flux. The system 
pressure was varied between 0.1 – 0.3 MPa. 
The maximum heat power of the test section 
was 17 kW; this corresponds to a heat flux of 
1.78 MW/m². 
A second test series was carried out in a new 
rod bundle test section consisting of five tubes. 
Mass flow and pressure were slightly reduced 
in these experiments, but the critical power 
was significantly higher. The test section as-
sembly consists of a central tube surrounded 
by four additional tubes. All tubes are individu-
ally heated and instrumented. The central tube 
gets a moderately higher heating power, which 
allows that the instrumentation can be concen-
trated on the center tube. 
 
Experiments in the annular test 
section 
Extensive experiments were carried out to de-
termine CHF statistics at the annular gap. The 
first experiment consisted of a CHF statistic. 
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Criteria for persistence and reproducibility 
were identified and the measurement uncer-
tainty of the instrumentation was determined. 
Due to the possibility for a quick load shedding 
at COSMOS-L, 55 tests could be carried out in 
series with the same tube without any damage. 
The results are shown for one parameter set in 
the diagram in Figure 1. It shows that CHF is 
not a single value, but appears as a distribu-
tion. 
 
 
Fig. 1: Flow image and CHF-statistics over 55 
single CHF Events 
 
Further measurements were carried out with 
(laser-) optical fibre sensors at the annular gap 
to determine the local vapour content. The re-
quired optical fibre probes were manufactured, 
tested and validated. Measurements were per-
formed on four parameter sets. In addition to 
the transformer power for heat input, the posi-
tions of the optical fibre probes were varied ra-
dially and axially, resulting in a total of 21 
measuring positions. An example of the results 
is shown in Figure 2. The diagram shows the 
local vapor content as a function of the radial 
distance to the tube surface. The evaluation of 
these measurements showed that at a high 
power input in the upper area of the annular 
gap steam clusters flow along at some dis-
tance from the heating rod. As the power input 
decreases, these steam connections become 
significantly smaller. In the middle and lower 
area of the annular gap are no steam clusters 
visible. A reduced subcooling temperature 
hardly changes the flow conditions in the an-
nular gap. This can be seen from the significant 
similarity of the content of the local steam con-
tent. However, the absolute values are lower at 
lower subcooling temperatures. An increase of 
the mass flow leads to the fact that a high den-
sity of steam bubbles occurs directly at the 
heating rod only in a higher position of the an-
nular gap. With the exception of the local 
steam content in the middle area near the heat-
ing rod, however, the values remain in compa-
rable ranges with a mass flow increase. If the 
system pressure is reduced, the steam clus-
ters mentioned already occur with a slightly 
lower power input.  
 
Fig. 2: Image of bubble and probe tip (right) 
phase distribution near the heater surface. 
 
Furthermore, the decrease of the local steam 
content with increasing distance to the heating 
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rod is lower from such a power input, which 
leads to the conclusion that the produced 
steam bubbles collapse later at lower system 
pressure and can move further into the radius 
of the annular gap. 
 
Fig. 3: Image of bubble and probe tip (right) 
phase distribution near the heater surface 
 
Another important part of the investigations at 
the annular gap were the laser-based measur-
ing methods PIV and shadowgraphy at the an-
nular gap test section. Measured values were 
bubble velocity (axially and radially), bubble 
velocity fluctuation, bubble position and bubble 
size. An excerpt from the results can be seen 
in Figure 3.  
The velocity profile shows a significant accel-
eration of the flow from bottom to top through 
the decreasing fluid density with increasing 
steam mass fraction. In addition, the measur-
ing positions at the inlet and in the center of the 
test section are showing a significantly larger 
boundary layer on the heated tube wall. The 
bubble size distribution shows the spectrum of 
gas bubbles in the flow. Both vapor bubbles 
and bubbles of non-condensable gases are 
detected if they still exist. In addition to the size 
distribution, which is an important result for the 
validation of CFD codes, bubble trajectories, 
the depth at which the bubbles penetrate into 
the subcooled flow and further spatially re-
solved data could be recorded and evaluated 
in these experiments. The results provided a 
detailed impression of the processes taking 
place and permitted our Project partners to val-
idate their advanced CFD-Codes. 
 
 
Fig. 4: Velocity distribution and droplet size dis-
tribution in the boiling flow 
 
Experiments in the rod bundle test 
section 
The tests on the rod bundle were carried out in 
an additional test section. Heating rod arrange-
ment, spacing and material were chosen in 
such a way that they come as close as possible 
to those in a reactor. Extensive data packages 
were also created during these tests and made 
available to the project partners. The experi-
ence gained within the project concerning in-
strumentation, relevant parameter ranges, etc. 
and the completed high-pressure test section 
can also be applied in subsequent projects. 
Figure 4 gives an Impression of different flow 
conditions. It becomes visible how strongly the 
two-phase flow mixes in the test track. The flow 
pulsates violently at high heating powers, so 
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that no single phase interfaces are more rec-
ognizable. 
 
 
 
Fig. 5: (top) flow image of a rod bundle image 
(bottom) cross section of the rod bundle test 
section 
 
Due to the high grade of instrumentation, de-
tailed data could nevertheless be collected in 
these flows. An example of this is the temper-
ature distribution of the heated tube wall, which 
can be seen in Figure 5. Measurements with 
the above-mentioned fiber probe and laser 
doppler anemometry (LDA) are currently being 
carried out. 
 
High Pressure-Loop 
The COSMOS-H plant was developed for the 
investigation of safety-relevant thermohydrau-
lic phenomena under reactor-typical condi-
tions. Both the modular test track (pressure 
hull) and the required assembly trolley to pre-
cisely arrange, assemble and disassemble the 
test section were completed. The planned test 
section for high-pressure tests, including the 
optical access modules, was designed and 
manufactured. The test section provides all the 
required characteristics and passed the pres-
sure test according to the Pressure Equipment 
Directive at 32 Mpa (Fig. 7). The crane traverse 
required to lift the 1.6 tonne test section without 
bending and to turn it into the installation posi-
tion is constructed and is currently in produc-
tion. 
The construction of the high-pressure loop 
continues, the two cooling loops have been 
completed and passed the pressure test. The 
power supply for the test track has already 
 
Fig. 6: Axial temperature distribution of the central tube in the rod bundle 
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been put into operation and has passed the 
load-loss tests carried out. 
 
 
Fig. 7: (top) Ground floor at construction Site 
COSMOS-H, (bottom) modular high pressure 
test section for COSMOS-H 
 
Conclusions and Outlook 
Overall, good progress has been made over 
the last two years in understanding flow boiling 
and boiling crises. Experimental facilities and 
Measurement techniques have been further 
developed and are now incorporated in new 
projects. Nevertheless, much work remains to 
be done.  
Recent work is the further adaptation and fur-
ther development of the measuring technology 
in relation to the glass fiber probes, optical void 
measurement as well as the laser measuring 
technique for disperse and continuous flow 
components. Furthermore, a method for locat-
ing CHF events by triangulation of thermocou-
ple signals is currently being developed. 
The construction of the high-pressure facility 
COSMOS-H will be continued with the comple-
tion of the high-pressure circuit within the next 
year. Furthermore, a new project for the critical 
heat flux in intermittent flows started in January 
2019 at COSMOS-L. 
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